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LOCALIZATION AND PARCELLATION OF THE SUPPLEMENTARY 
MOTOR AREA USING FUNCTIONAL MAGNETIC RESONANCE IMAGING 
IN FRONTAL TUMOR PATIENTS 
 
MATTHEW VERA 
ABSTRACT 
 Neurosurgery is an effective method for prolonging life and improving outcomes 
for patients with brain tumors. However, this option bears the risk of damaging areas of 
eloquent cortex, areas associated with motor and language tasks that, when lesioned, will 
result in a functional deficit for the patient. Functional magnetic resonance imaging (fMRI) 
is a valuable tool in the localization of eloquent cortex for preoperative neurosurgical 
planning. Through use of this modality of functional neuroimaging, the neurosurgeon can 
adjust the surgical trajectory to incur the least amount of damage to sites of functional 
activity. The supplementary motor area (SMA) is one such site of eloquent cortex that must 
be visualized preoperatively due to the risk of postoperative deficit with lesions in this area. 
However, due to both the effects of tumor pathology and naturally occurring interindividual 
variability, the SMA’s location and functional fingerprint can be highly variable. We 
present a study in which patients with frontal tumor (n=46) underwent task-based fMRI for 
motor and language network mapping. The patient-specific functional data were 
normalized and evaluated using ROI analysis to illustrate group-level activation patterns 
within the SMA during the language and motor tasks. The results illustrate a distinct pattern 
of activation including a rostro-caudal organization of language and motor activation, 
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overlapping extent cluster volumes throughout the two functional subdivisions of the SMA, 
the pre-SMA and SMA proper, and discrete activation foci.   
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CHAPTER 1 
INTRODUCTION 
 
The primary operative goal of the neurosurgeon for patients with brain tumor is the 
removal of the greatest extent of pathological tissue while minimizing damage to healthy 
tissue. In this pursuit, functional neuroimaging has proven to be one of the greatest tools in 
the neurosurgeon’s toolbox. In this era of functional neuroimaging, significant effort is 
focused on individual patient brain mapping for preoperative neurosurgical planning. The 
implementation of functional magnetic resonance imaging (fMRI)has transformed the 
preoperative workflow by providing a methodology for the mapping of areas of cortex that 
participate in motor, visual, language and other functions (Yetkin et al., 1997; Bizzi et al., 
2008). These functional maps are utilized by the surgical team to plan for the site of the 
craniotomy and the trajectory of the surgery. Areas critical for supporting neurologic 
functions can thus be avoided, thereby preserving the patient’s neurologic function and 
quality of life.  
 
Definition of Method 
FMRI has the ability to noninvasively map neural activations within the brain 
(Tharin and Golby, 2007). As neurons increase their activity to participate in task 
performance, they use energy and thus require an increased oxygen load (Fox and Raichle 
1986). The demand for oxygen results in increased perfusion through local capillaries in a 
hemodynamic response known as neurovascular coupling (Hoge et al., 1999). 
Neurovascular coupling is detectable by fMRI due to the paramagnetic property of 
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deoxygenated hemoglobin (deoxy-Hb) (Ogawa et al., 1990). As more oxygenated 
hemoglobin (oxy-Hb) is delivered to activated neurons, the ratio of paramagnetic deoxy-
Hb to oxy-Hb shifts (Ogawa et al., 1990). Delivery of oxy-Hb exceeds the increased 
demand for oxygen resulting in an overshoot of the ratio of oxy-Hb to deoxy-Hb (Fox and 
Raichle, 1986). This effect is called the blood-oxygen level-dependent (BOLD) response 
and is detectable by fMRI. Brain activation is thus determined by associating changes in 
BOLD signal with neural activity (Kwong et al., 1992; Ogawa et al., 1993; Sair et al., 
2016). These data can then be fit to a patient’s anatomy by coregistering it to their structural 
MRI in order to visualize the spatial distribution of neural activity during a task 
performance (Conner et al., 2011). Most often in neurosurgery for brain tumors, fMRI is 
used to map a patient’s neural activity during language and motor tasks. Areas associated 
with these functions are termed “eloquent cortex”. Damage to eloquent cortex results in 
functional deficits (Bizzi et al., 2008) that vary in type and severity depending on the extent 
and location of the damage. Conventional language and motor fMRI require the patient to 
perform a series of tasks implemented as event-related paradigms (Tie et al., 2014). These 
tasks are performed repeatedly in order to acquire a sufficient signal-to-noise ratio (SNR) 
during task performance versus baseline condition (Silva et al., 2017). After a sufficient 
SNR is reached, the BOLD signal may then be interpreted as neural activity that 
participates in the execution of the task. 
Image-guided therapy offers multiple benefits in the localization and resection of 
pathological tissue, especially in the case of brain tumors such as glioma where 
reorganization and displacement of functional tissue often occurs (Desmurget et al., 2007). 
By the time gliomas become clinically symptomatic, there has been enough tumor growth 
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to essentially push the functional eloquent cortex out of its natural anatomical location 
(Becker et al., 2010). This redistribution due to the physical presence of a tumor, termed 
“mass effect”, is a single example of the displacement of eloquent cortex. Similarly, 
compensatory reorganization due to the brain’s capability for neuroplasticity can also 
displace functionally active eloquent cortex from where it would be expected in healthy 
subjects (Duffau, 2005; Wang et al., 2013; de Haan and Karnath, 2018). Even further, 
interindividual variability of functional network locations due to natural processes presents 
another hurdle for neurosurgeons when planning an ideal surgical trajectory (Johansen-
Berg et al., 2004). These complications necessitate the neurosurgeon to forgo assuming a 
tight coupling of anatomical location and function as practiced in healthy subjects, but 
rather view the functional signals from fMRI as a more accurate representation of patient-
specific cognitive processes (Sanai et al., 2008; Langs et al., 2014). Using the functional 
map provided by fMRI, the neurosurgeon can then operate along an optimal trajectory with 
the least associated risk. 
 
Supplementary Motor Area 
 The supplementary motor area (SMA) is an area of eloquent cortex located in the 
dorsomedial prefrontal cortex just anterior to the leg representation of the primary motor 
cortex. This area falls within the confines of the medial aspect of the cerebral region of 
Brodmann Area 6 (BA6). Due to a lack of well-established landmark boundaries, the SMA 
is challenging to localize (Wongsripuemtet et al., 2018). The SMA participates in both the 
language and motor networks, but despite a vast compendium of literature devoted to the 
functionality of the SMA within these networks, the exact nature of its contribution remains 
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to be elucidated. The SMA has two recognized functional subdivisions, the anterior pre-
SMA and posterior SMA proper.  
The pre-SMA is one of the most frequently activated brain regions in neuroimaging 
studies (Behrens, Fox, Laird and Smith, 2013; Roberts et al., 2015). Located at the rostral 
end of the SMA, the pre-SMA has substantial white matter connections to the prefrontal 
cortex, Broca’s area, anterior cingulate cortex, and inferior frontal gyrus (Picard, 2003; 
Jenabi et al., 2014; Vergani et al., 2014; Hertrich et al., 2016), implicating its involvement 
within language function. Many neuroimaging studies have also implicated this region as 
a key node in the brain responsible for the voluntary control of action (Roberts and Husain, 
2015). In their meta-analysis, Nachev et al. (2007) posited a “cardinal role for this region 
in the process of resolving competition between action contingencies so that coherent 
behavior may emerge.” Further functions attributed to this region include cognitive-
sensory control of behavior (Hanakawa, 2002; Wilson et al., 2014), inhibitory control 
(Swann et al., 2012; Obeso et al., 2013; Bonini et al., 2014; Roberts and Husain, 2015; 
Berkay et al., 2018), visuo-motor association (Sakai et al., 1991; Kurata et al., 2000), action 
sequencing (Shima and Tanji, 1998; Kennerly et al., 2004; Macar et al., 2004; Hertrich et 
al., 2016), volitional response selection (Forstmann et al., 2008; Tremblay and Gracco, 
2009), and word generation (Hart et al., 2013, Lyo et al., 2015; Rozanski, et al., 2015; Cona 
and Semenza, 2017).  
Located caudally to the pre-SMA, the SMA proper has a distinct functional and 
connectivity profile from its more anterior counterpart. In functional imaging, the SMA 
proper is well-documented as a participant in both the language and motor networks. 
Historically, the SMA has been viewed as a “supramotor” area, an idea supported by 
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cerebral blood flow (CBF) changes with motor planning in the absence of motor activity 
(Fried et al., 1991). This view was further substantiated by regional CBF evidence of the 
SMA proper being particularly active in complexly organized tasks, indicating a role in 
programming highly complex voluntary movements (Tanji, 1996). Interestingly, 
projections from the SMA proper comprise nearly 10% of all corticospinal cells (Nachev 
et al., 2008). A number of recent studies have implicated the SMA proper in more extensive 
roles. The SMA proper is involved in both self-initiated and externally-triggered 
movements, with the greatest activation seen in simple, externally-guided movements 
(Picard, 2003; Tanji, 1996). Movement observation and visually-guided movements 
activate the SMA proper in healthy subjects, possibly implicating this region in 
transformations to body-centered coordinates (Zentgraf et al., 2005). Further, the SMA 
proper contributes to the temporal and ordinal processes of domain-general sequence 
processes (Shima and Tanji,1998; Ferrandez et al., 2003; Javadi, 2015; Cona and Semenza, 
2017). This finding is justified by the embedding of the SMA proper in a subcortico-
cortical network with the basal ganglia and cerebellum (Schwartze et al., 2012; Hertrich et 
al., 2016). The SMA proper exhibits a somatotopic organization with the most anterior 
portions exhibiting control of facial muscles and the more posterior aspects representing 
muscle groups moving down the trunk (Fried et al., 1991). Cytoarchitectonic evidence, 
findings from studies of cellular composition, also displays of a rostro-caudal organization 
of the SMA proper (Liu et al., 2001; Peck et al., 2009). As for language, the SMA proper 
is primarily involved in speech motor control but may be involved in verbal working 
memory and predictive top-down mechanisms during speech perception (Hertrich et al., 
2016).  
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In clinical cases necessitating tumor resection near or within the anatomical 
boundaries of the SMA, it is important to have a map of the spatial organization of 
activation patterns in order to plan for an optimal surgical trajectory. Any damage incurred 
to the SMA has the potential to lead to a postoperative deficit called SMA syndrome. SMA 
syndrome is characterized by a transient hemiparesis (Radman et al., 2013; Abel et al., 
2015) and a language deficit, especially if the dominant SMA is the area lesioned (Cañas 
et al., 2018). In most patients, recovery from SMA syndrome occurs as compensatory 
mechanisms allow for plasticity and functional reorganization, often to the healthy, 
contralateral SMA (Kikuchi et al., 2012; Kristo et al., 2015; Baker et al., 2018; Chivukula 
et al., 2018). Tumors have the ability to induce modifications to the local activity, often 
represented as functional reorganization or migration towards the tumor periphery (Krainik 
et al., 2013; Chivukula et al., 2018). Not only does the SMA have a high degree of 
intersubject variability in its location (Tzourio-Mazoyer et al., 2004), but due to the effects 
of tumor within patients, so too, does the location of its functional activation. Functional 
neuroimaging offers a methodology to address the preoperative challenge of planning a 
surgical trajectory that minimally compromises this activity and poses the least threat of 
incurring a functional deficit such as SMA syndrome.  
Specific Aims 
In the current study, we retrospectively assessed activation patterns in the SMA across 
motor and language tasks in frontal tumor patients to consider their spatial distribution. We 
aimed to increase our understanding of the functional activity of this area of eloquent cortex 
in the context of changes due to the growth of brain tumors to better inform neurosurgical 
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planning. We will discuss the pertinence of these features to preoperative neurosurgical 
planning and examine the limitations associated with fMRI in tumor patients.  
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CHAPTER 2 
METHODS 
 
Subjects 
For this study, we selected 46 subjects diagnosed with either left or right frontal 
brain tumors (23 males, 23 females, mean age = 43.5, range: 19-73) who completed 
preoperative task-based functional MRI and had T2-weight structural MRI. Detailed 
patient demographics are listed in Tables 1 and 2. The study was approved by the Partners 
Healthcare Institutional Review Board, and written informed consent was obtained from 
all subjects prior to participation. 
Table 1: Left Frontal Tumor Patient Demographics. N=39, World Health Organization 
(W.H.O Grade assigned when possible). 
PATIENT
   
SEX AGE DIAGNOSIS W.H.O 
GRADE 
P1 F 45 Glioblastoma Multiforme IV 
P2 M 45 Diffuse Astrocytoma - Left temporal 
meningioma Grade I 
II 
P3 F 59 Residual Glioblastoma IV 
P4 M 32 Glioblastoma IV 
P5 M 27 Anaplastic Oligoastrocytoma III 
P6 F 24 Oligoastrocytoma II 
P7 F 33 Metastatic Carcinoma with Necrosis  
 
P8 F 73 Glioblastoma IV 
P9 F 50 Metastatic Adenocarcinoma  
 
P10 M 66 Glioblastoma IV 
P11 F 51 Meningothelial Meningioma I 
P12 F 44 Secondary Glioblastoma IV 
P13 M 56 Diffuse Astrocytoma II 
P14 M 26 Diffuse Astrocytoma II 
P15 F 32 Glioblastoma III 
P16 M 30 Glioma I 
P17 M 26 Glioblastoma  IV 
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P18 F 40 Anaplastic Oligodendroglioma  III 
P19 M 68 Metastatic Melanoma 
 
P20 F 59 Anaplastic Astrocytoma III 
P21 M 31 Oligodendroglioma II 
P22 M 50 Oligodendroglioma II 
P23 M 22 Diffuse Astrocytoma II 
P24 F 47 Slight Gliosis 
 
P25 M 42 Glioma I 
P26 F 23 Oligodendroglioma II 
P27 F 21 Focal Cortical Dysplasia II-b 
 
P28 F 19 Glioblastoma Secondary Type IV 
P29 M 49 Anaplastic Oligodendroglioma  III 
P30 F 69 Glioblastoma, IV 
P31 M 50 Oligodendroglioma III 
P32 M 63 Prior path metastatic non-small-cell lung 
carcinoma 
 
P33 F 41 High-Grade Glioma 
 
P34 F 59 B-cell lymphoma with aggressive features 
 
P35 F 36 Ganglioma I 
P36 F 35 Oligodendroglioma II 
P37 F 22 Glioblastoma IV 
P38 M 66 Oligodendroglioma II 
P39 M 30 Glioblastoma IV 
 
 
Table 2: Right Frontal Tumor Patient Demographics. N = 7, W.H.O Grade assigned when 
possible. 
PATIENT
  
SEX AGE DIAGNOSIS W.H.O 
GRADE 
P40 M 71 Glioblastoma IV 
P41 M 74 Glioblastoma IV 
P42 M 31 Anaplastic Oligoastrocytoma III 
P43 F 28 Oligodendroglioma II 
P44 M 43 Anaplastic Astrocytoma  III 
P45 F 45 Anaplastic Oligodendroglioma III 
P46 M 48 Gliofibroma IV 
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Equipment 
• 3 Tesla MRI Scanner (See Image Acquisition) 
• MRI Compatible Hardware and Software for displaying functional paradigms 
(nordicAktiva, NordicNeuroLab, Bergen, Norway) 
• Computing Software for Analysis: 
o MATLAB (Mathworks) 
o Statistical Parametric Mapping (SPM12) is freely available through the 
Wellcome Centre for Human Neuroimaging 
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) and offers a suite of 
MATLAB functions for the analysis of brain imaging data sequences. 
o WFUpickatlas is freely available through the Department of Radiology at 
Wake Forest University (http://fmri.wfubmc.edu/software/pickatlas) and 
offers Brodmann area masks for ROI analysis  
o MRIcron is freely available through the Neuroimaging Tools and Resource 
Collaboratory (https://www.nitrc.org/projects/mricron) and is used as a 
cross-platform NIfTI format image viewer 
Image Acquisition 
MR images were acquired at Brigham and Women’s Hospital (Boston, 
Massachusetts) using a 3.0 Tesla Siemens (Siemens Mangetom Verio, Siemens Healthcare, 
Erlangen, Germany) equipped with a 12-channel head coil using an echo planar imaging 
(EPI) sequence (4-5 mm slice thickness, repetition time (TR) = 2000 ms, echo time (TE)= 
30 ms, matrix = 64x64 mm, flip angle = 85°). FMRI was acquired as clinically indicated 
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for each patient; tasks included block design motor (hand clench, lip purse, finger tap) and 
language (antonym generation, sentence completion, auditory naming) paradigms and 
were presented using FDA approved hardware (goggle/headphones) and software (Nordic 
Aktiva, Nordic Neuro Labs, Bergen, Norway). High resolution anatomical T2 weighted 
scans were acquired as clinically indicated for each patient.  
Task Paradigms 
Subjects underwent the task-based motor and language fMRI during one scan 
session. The paradigms consisted of alternating rest and task blocks during which the 
subjects were instructed to either rest or complete the task, respectively. Dummy scans of 
10 seconds (black screen) were shown at the beginning of each functional run and were 
excluded from the analysis to allow stabilization of the BOLD signal. The stimulus 
paradigm was implemented using EPrime software (Psychology Software Tools, Inc., 
Sharpsburg, PA, USA, http://www.pstnet.com/eprime.cfm, version 1.1.4.1). The visual 
and auditory stimuli were presented through MR-compatible video goggles and 
headphones respectively (Nordic NeuroLab, Inc., Milwaukee, WI, USA). The number and 
type of task paradigm assigned to each patient fMRI depended on patient-specific 
qualifications such as lesion location and existing functional deficit. Therefore, the 
retrospectively collected data reflects the number of subjects out of the total number 
included in this study that completed the task. Detailed information about the tasks and 
how many completed the tasks can be found in Table 3. 
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Table 3 Task Paradigm Description and Classification. The number of participants that 
completed these tasks are included.  
Language 
Tasks 
Antonym 
Generation 
  
Non-vocalized antonym generation vs. rest  
n = 40 
Sentence 
Completion 
  
Fill in the blank sentences vs. scrambled letters  
n = 38 
Audio 
Naming 
  
Naming in response to auditory prompt  
n = 19 
Motor 
Tasks 
Left    
Hand Clench  
Repetitive unilateral hand clench vs rest  
n = 15 
Lip Purse 
  
Repetitive pursing vs rest  
n = 16 
Finger Tap Contralateral to lesion, repetitive tapping vs rest  
n = 7 
  
Task-specific design files were created in order to encode these task paradigms into 
the data processing software, SPM12. Using the module fMRI model specification (design 
only), these task design matrices (referred to as SPM.mat) were generated. The following 
in Table 4 describe the specifications of the task paradigms used in this study. 
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Table 4 Task Design fMRI Model Specifications. The onsets and rests (in seconds), 
duration, and contrasts of the design matrices used to generate task-specific SPM.mat files  
Task Start (s)  Rest (s) Duration (s) Contrast 
Antonym 
Generation 
0 40 80 120 160 
200 240 280 
20 60 100 140 180 
220 260 
20 [1,-1] 
Audio Naming 0 40 80 12 160 
200 
20 60 100 140 180 
220  
20 [-1,1] 
Sentence 
Completion 
20 60 100 140 
180 220 
0 40 80 120 160 200 20 [-1, 1] 
Lip Purse 20 60 100 140 0 40 80 120 160 20 [-1, 1] 
Finger Tap 20 60 100 140 0 40 80 120 160 20 [-1, 1] 
Left Hand 
Clench 
40 100 160 220  0 60 120 180 20 [-1, 0 , 1] 
 
Raw images collected by the MRI scanner are saved in dicom (.dcm) format. Due 
to the requirements of the analysis software packages, these .dcm files were converted to a 
usable format NIfTI format (.nii). This was accomplished through the SPM12 DICOM 
Import function. To convert the files, choose DICOM Import, choose the DICOM files and 
select and output directory with the conversion option “Single file (nii) NIfTI”.  
Data preprocessing.  
Raw images collected by the MRI scanner were saved in DICOM (Digital 
Communications in Medicine, .dcm) format. Due to the requirements of the analysis 
software packages, these .dcm files were converted to a usable NIfTI format (.nii). This 
was accomplished through the SPM12 DICOM Import function. To convert the files, 
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choose DICOM Import, choose the DICOM files and select and output directory with the 
conversion option “Single file (nii) NIfTI”.  
The functional data were pre-processed using SPM12 according to the general linear 
model. The following modules were implemented: 
1. Realign: Estimate & Reslice realigns the entire functional image series with the first 
image in the session known as the reference scan using a least squares approach and a 
rigid body spatial transformation. The goal of this realignment is to remove motion 
artifact from the time-series.  
2. Coregister: Estimate registers the newly realigned functional data to a reference 
image, in this case, the structural T2. The T2 remains stationary as the mean image of 
the functional data is moved about to match the reference image.  
3. Smooth convolves each image volume with a specified Gaussian kernel. This 
suppresses noise that can arise from differences between functional and anatomical 
anatomy during averaging.  
Data realignment and coregistration was inspected visually to ensure that the realignment 
and coregistration operations were successful. This was performed by the “Check Reg” 
module located in the SPM12 menu. 
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Figure 1 SPM12 Preprocessing Batches 
Interface. SPM12 interface is organized 
into a module list with the ability to select 
parameters for each module. The 
parameters used are displayed A) Realign: 
Estimate & Reslice B) Coregister: Estimate 
C) Smooth. Descriptions of each item can 
be found at the bottom of the batch editor 
window by highlighting the item  
A
c 
B 
C 
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Normalization 
 Due to natural anatomical variability amongst individuals, each series of functional 
data must undergo a normalization process to be put into a standardized anatomical 
template. Normalization entails generating and applying patient-specific deformation 
fields to fit individual brains to a single, standardized anatomical model. SPM12 uses a 
standardized brain template from the Montreal Neurological Institute (MNI) to which it 
will estimate and warp patient-specific data. We used the module Segment and selected 
“Forward” for the deformation field in order to estimate and generate the patient-specific 
warping parameters. This created a NIfTI file with the filename prefix of “y”. Within the 
module Normalise: Write, applied the individual forward deformations to the patient-
specific anatomy by choosing the images to write as the realigned individual functional 
data with the filename prefix (rf). The specific writing option parameters are listed below 
in Figure 2. After the module Normalise: Write has applied the estimated warps to the 
image series, the images were smoothed using the module Smooth similarly to the original 
data preprocessing step which outputs a final file set with the filename prefix (swrf). Then 
the normalized data must be estimated according to the task-specific statistical parametric 
map design matrix (SPM.mat). This was accomplished by use of the following two 
modules: fMRI data specification to specify the fMRI scans (the normalized and 
smoothed swrf data) and Model estimation, specifying classical estimation. This resulted 
in a statistical t-map fit to the specified design matrix that can then be entered into the 
Results module to generate a contrast map.  
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Figure 2 SPM12 Normalization Preprocessing Batch Interface. The parameters chosen 
for A) Normalise: Write and B) Smooth are shown above. The Deformation Field is 
generated by the Segment module and creates the forward deformation needed to normalize 
images to MNI space. The Images to smooth parameter references the Normalised Images 
(Subject 1) from the prior step in the batch.  
 
 
 
 
 
 
A
c 
B 
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Figure 3 Normalization Preprocessing Graphics Window. Single subject normalization 
analysis complete with contrast map of the statistical parametric map. (A) and (B) show 
the contrast results of the estimated statistical parametric map along the defined t-contrast 
and parameters p<0.001 with an extent voxel threshold of 0. (C) Rendering of the 
functional data overlaid on the MNI template provided by SPM12 (single_subj_T1.nii,1) 
found in the canonical folder of the SPM12 file 
 
 
A
c 
B 
C 
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Second Level Analysis 
 We used the Results module found in the SPM12 menu to generate contrast maps 
from the estimated statistical parametric maps. For each, we specified a t-contrast for each 
individual task. The contrasts (listed in Table 4) were dependent on the design matrix of 
the estimated model. After defining the contrast, the following options were presented: 
apply masking, adjust p value, and specify extent threshold of voxels. For the purposes of 
this study, an inclusive mask image was applied in order to isolate activations within the 
anatomical bounds of the SMA. To accomplish this, we utilized a Brodmann Area 6 mask 
from the Wake Forest University PickAtlas. The inclusive mask presents only activations 
within the boundaries of that mask. The option “none” was chosen for the p value 
adjustment to control and the default value of 0.001 was retained as the threshold (T or p 
value). Finally, the extent threshold default was retained as 0. After this module is run, the 
contrast map is output to the same directory as the original statistical parametric map. We 
visualized the activations within the standardized MNI space by overlaying our results onto 
the canonical SPM12 single subject T1.  
 To perform the final group-level analysis, we used the module Specify 2nd-level to 
perform a one-sample t-test. The resulting T-map was the estimated according to the task-
specific SPM.mat using classical Restricted Maximum Likelihood algorithms and a t-
contrast of 1. We then applied BA6 inclusive maps to generate the group-level activation 
included only within the limits of that space. We thresholded the p-value to 0.001 and 
specified a 0-voxel extent threshold to include all activated voxels within the final results. 
We then found the local maximum within the BA6 ROI. Finally, we overlaid the final 
group-level contrast map onto the standardized T1 MNI template as well as rendered it into 
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a standardized MNI three-dimensional space. This rendering was accomplished using the 
new style and brightening of blobs.  
  
 
 
Figure 4 Specify 2nd-level Module Interface. This window illustrates the process of 
generating the group-level analysis. One-sample t-test should be selected, a directory for 
the output should be chosen, and the scans should be the contrast images of the normalized 
single subject data for all participants in the task paradigm. For example, all contrast maps 
of normalized single subject functional data of those that participated in the antonym 
generation task should be included in the scans input.  
 
 21 
CHAPTER 3 
RESULTS 
 The goal of this study is to visualize the activation patterns of the SMA across 
language and motor tasks within patients with frontal tumor, and to parcellate those 
patterns within the context of the two functional subdivisions: the pre-SMA and SMA 
proper. We performed a one-sample t-test to define the common voxels of activation 
across patients’ task-based fMRI and mapped these voxels within a standardized brain 
template. We then performed a Brodmann Area 6 region of interest (ROI) analysis to 
illustrate the pattern of SMA activity seen in the context of tumor. Finally, we compared 
the activation maxima to the maxima of healthy subjects as described in the literature to 
understand the activity of the SMA in the context of tumor, and its pertinence to those 
pathological features.  
 
ROI Analysis 
 Activity within the ROI represents commonly activated voxels across the subjects 
for the task. We recorded the local maxima of these voxels within our ROI, the medial 
aspect of BA6. These local maxima represent the most robustly activated voxel across 
subjects during the task. Table 5 lists the activation foci, their MNI coordinates, and their 
t-statistic at p<0.001. In their meta-analysis, Mayka et al. (2006) reported MNI coordinate 
ranges for which the pre-SMA and SMA proper are most likely to occur within healthy 
subjects as well as coordinates for the center of activation for these functional areas. The 
reported activation foci are compared against these reported centers of activation for pre-
SMA (x = -3 y = 6 z = 53) and for SMA proper (x = -2 y = -7 z = 55).  
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Table 5 Activation Foci MNI Coordinates. Sentence Completion (SC), Antonym 
Generation (AG), Audio Naming (AN), Finger Tap (FT), Left Hand Clench (HC), Lip 
Purse (LP). A negative X coordinate represents a left hemisphere activation. A negative 
Y coordinate represents a posterior placement to the Anterior Commissure. A negative Z 
coordinate represents an inferior placement to the Anterior Commissure. The opposite 
directions hold true for positive coordinates. 
 
        Task                      X                      Y                     Z         t-statistic 
SC -3 14 47 8.24 
AG -311 53 9.65 
AN -9 -13 53 4.97 
FT 3 8 53 10.94 
HC 6 -10 56 5.97 
LP 3 -1 65 8.21 
 
 
Language Tasks 
Sentence Completion and Antonym Generation demonstrated the greatest extent 
voxel cluster within this region and both have left hemisphere activation foci. These tasks 
fall predominantly within the pre-SMA region as determined by the Mayka et al. reported 
coordinates for the pre-SMA extent and center of activation. The audio naming task, 
however, presented little activation within the pre-SMA or SMA proper region. When 
unmasked, the global pattern reveals extensive activation bilaterally and posterior to BA6. 
However, some activation was observed within the ROI, and the maximally activated voxel 
is in the left hemisphere, like the other language tasks, and lateral to the SMA proper.  
Antonym Generation: This task produced extensive bilateral activation along the 
rostral aspect of medial BA6. To illustrate the extent of this voxel cluster, the rostro-caudal 
limits of the cluster include the coordinates x= -2.67 y = -8.66 z = 65.47 (caudal) and x = -
4.46 y =15.35 z = 46.48 (rostral). This cluster is predominantly located within the 
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anatomical boundary of the pre-SMA and shows a smaller extent of activation within 
rostral SMA proper.  
Audio Naming: Activation occurred within BA6, deep to the boundaries of the 
SMA. This task did not produce extensive bilateral activity within the ROI. The extent of 
the largest voxel cluster includes the coordinates x = -8.02 y = -17.56 z = 55.71 caudally 
and x = -3.57 y = -11.33 z = 55.71 rostrally.  
Sentence Completion: Extensive activation was recorded bilaterally. The extent of 
the largest voxel cluster includes the coordinates x = -1.78 y = -6.88 z = 69.90 caudally and 
x = -3.57 y = 15.35 z = 48.61 rostrally. This voxel cluster shares an overlapping spatial 
distribution to the Antonym Generation activation.  
 
Motor Tasks 
 All the motor tasks had activation foci within the right hemisphere, contralateral to 
the activation foci of the language tasks. The Finger Tap and Lip Purse tasks produced the 
most robust SMA responses and fall primarily within the boundaries of the SMA proper. 
For the Finger Tap task, the BA6 local maximum is located in the anterior SMA proper, 
adjacent to the right hemisphere pre-SMA. The Left Hand Clench produced the most robust 
response outside of the SMA, but a small voxel cluster was present in the medial aspect of 
BA6, indicating SMA activity.  
 Finger Tap: This task produced activation bilaterally with the largest extent cluster 
located predominantly within the boundaries of the SMA proper. The caudal boundary of 
this cluster includes the voxel at x = 2.67 y = -8.66 z = 60.14 and the rostral boundary 
includes the voxel at x = 2.67 y = 15.35 z = 47.72.  
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 Lip Purse: Activation occurred well within the SMA proper region for this task 
bilaterally. The cluster’s most caudal boundary includes the voxel at x = -3.57 y = -12.22 
z = 62.81 while the most rostral boundary includes the voxel at x = 8.02 y = 9.13 z = 56.60.  
 Left Hand Clench: A robust activation pattern was observed in this task located 
primarily outside of the SMA in the right hemisphere. A small voxel cluster located in the 
medial BA6 was observed and the spatial extent of this volume extends from a caudal 
border including the voxel at x = 6.24 y = -16.67 z = 57.48 to a rostral border that includes 
the voxel at x = 2.67 y = -5.10 z = 55.71.  
 
Parcellation of SMA 
 We observed a spatial distribution of activation patterns between language and 
motor tasks that coheres to the defined language function of the anterior pre-SMA and 
motor function of the posterior SMA proper within healthy subjects. While the local 
maxima within the voxel clusters can be well-characterized as either SMA proper or pre-
SMA, the extent of these clusters slightly overlap to suggest a more graded change in 
function rather than abrupt, discrete changes. The most anterior activation cluster is 
produced by the Sentence Completion task. This task exhibits a significant spatial overlap 
with the Antonym Generation cluster which extends caudally in comparison to the 
Sentence Completion activity. This caudal extension may suggest functional involvement 
from the anterior aspect of the SMA proper within the Antonym Generation task. Next in 
this rostro-caudal gradient is the activation from the Finger Tap task. The activation 
maxima for this task occurs caudally in comparison to the maxima of Antonym Generation 
and Sentence Completion, in accord with the defined motor function of the posterior SMA 
proper. The Lip Purse activation pattern shares a significant spatial overlap with the Finger 
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Tap task, however it is focally more caudally distributed. Of the rostro-caudal functional 
organization, it is the most caudal activation pattern that falls within the SMA boundaries. 
As for the Audio Naming and Left Hand Clench tasks, the majority of activity occurred 
outside the medial aspect of BA6. However, there were small clusters of activity within the 
SMA boundary for these two tasks. The Left Hand Clench produced activations more 
anterior to the Audio Naming cluster which was the most posterior of all the tasks. 
Importantly, these findings illustrate a coherence to findings within healthy subjects in 
terms of the spatial distribution and organization of activation patterns in the context of 
pathology.  
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Figure 2 Language Tasks Brodmann Area 6 Inclusive Mask Analysis. a) Antony 
Generation t = 3.261 ) Audio Naming t = 3.505 c) Sentence Completion t = 3.281.T-scores 
describe significance for the entire activation. Above are renderings of the activation 
patterns of the group-level analysis adjacent to their associated statistical parametric maps. 
Antonym Generation and Sentence Completion produced the most robust SMA activation, 
predominantly localizing around the more anterior pre-SMA. The medial aspect of the BA6 
activation pattern represents SMA activity.  
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Figure 3 Three-Dimensional Spatial Distribution of Language Task Activation 
Patterns a) Red cluster: Antonym Generation t = 3.261; b) Yellow cluster: Audio Naming 
t = 3.505; c) Cyan cluster, Sentence Completion t = 3.281. T-scores describe the 
significance for the individual activation clusters. 
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Figure 4 Motor Tasks Brodmann Area 6 Inclusive Mask Analysis: a) Finger Tap t = 
4.501  b) Lip Purse t = 3.610 c) Left Hand Clench t = 3.686. T-scores describe significance 
for the entire activation. Above are renderings of the activation patterns of the group-level 
analysis adjacent to their associated statistical parametric maps. Finger Tap and Lip Purse 
produced the most robust SMA activation, predominantly localizing around the more 
posterior SMA proper. The medial aspect of the BA6 activation pattern represents SMA 
activity. 
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Figure 5 Three-Dimensional Spatial Distribution of Motor Task Activation. a) Red 
cluster: Finger Tap t = 4.501; b) Green cluster, Lip Purse t = 3.610; c) Violet cluster: Left 
Hand Clench t = 3.686. T-scores describe the significance for the individual activation 
clusters. 
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Figure 6 Three-Dimensional Spatial Distribution of Language Tasks with Cluster 
Overlap and pre-SMA Center of Activation MNI Coordinates. Red: Antonym 
Generation t = 3.261; Yellow: Audio Naming t = 3.505; Cyan, Sentence Completion t = 
3.28. T-scores describe significance for the entire activation. The crosshairs pinpoint the 
center of activation of the pre-SMA at x = -3 y = 6 z = 53. The extent activation cluster 
intersecting these crosshairs show significant overlap and extension into the both the 
anterior and posterior aspect of the pre-SMA.  
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Figure 7 Three-Dimensional Spatial Distribution of Motor Tasks with Cluster 
Overlap and SMA proper Center of Activation MNI Coordinates. Red: Finger Tap t = 
4.501; Green, Lip Purse t = 3.610; Violet: Left Hand Clench t = 3.686. T-scores describe 
significance for the entire activation. The crosshairs pinpoint the center of activation of the 
SMA proper at x = -2 y = -7 z = 55. The extent activation cluster intersecting these 
crosshairs show significant overlap and extension predominantly into the anterior aspect 
of the SMA proper, infiltrating the pre-SMA.  
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CHAPTER 4 
DISCUSSION 
 The present study retrospectively assessed the results of both language and motor 
fMRI tasks for preoperative neurosurgical planning to examine the activation patterns of 
the SMA within frontal tumor patients. To our knowledge, no prior studies have 
investigated the activation patterns of the SMA within such a patient population. The 
results of this study indicate that the pre-SMA is more robustly activated by the language 
tasks of these task paradigms, specifically Antonym Generation and Sentence Completion. 
Further, the SMA proper is more robustly activated by the motor tasks, namely Lip Pursing 
and Finger Tap. The activation pattern demonstrates a rostro-caudal gradation between 
language and motor tasks respectively.  
Language Tasks 
Our results illustrate the most consistently activated voxels within our subjects for 
individual tasks. These language activations describe a significant contribution by the 
anterior SMA to language function in this cohort. Sentence Completion and Antonym 
Generation tasks produced the most robust anterior activation patterns, indicating 
participation of the pre-SMA within these language tasks. This finding is consistent with 
the present literature in healthy subjects that the pre-SMA is functionally involved within 
the language network (Rozanski et al., 2015; Hertrich et al., 2016; Cona and Semenza, 
2017; Chivukula et al., 2018). Our observation of voxel clusters extending into the more 
caudal SMA proper region is also in agreement within the findings from Hertrich et al. 
(2016) which described the potential involvement of the SMA proper in predictive top-
down mechanisms during speech perception. This also echoes the results of the stimulation 
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study by Fried et al. (1991) who described facial muscle representation at the most anterior 
aspect of the somatotopic organization of the SMA. Although these tasks are silent in order 
to reduce motion artifact, the posterior extent of the Antonym Generation activation voxel 
cluster may signify the preparation of these muscle groups in the language generation tasks. 
For Audio Naming, the group-level analysis only demonstrated significant activation 
within the posterior aspect of the SMA. This may indicate a potential motor response for 
the task, however considering the more posterior SMA proper contains the trunk and limb 
somatotopic representation (Fried et al., 1991), this would warrant further investigation.  
 Our results are in concordance with the studies of Hiroshima et al. (2014) and 
Fontaine et al. (2002) who reported an anterior dominance of language function in 
comparison to motor function in their fMRI study of the SMA. Interestingly, they also 
report a left hemisphere dominance of language for the anterior SMA. This is supported by 
our results which report an activation maximum within the anterior left hemisphere SMA. 
However, we do report robust bilateral activity during the Sentence Completion and 
Antonym Generation. As functional reorganization to the contralateral hemisphere is 
documented to occur due to SMA tumor (Chivukula et al., 2018), this activation pattern 
may be indicative of plasticity within this cohort. 
 
Motor Tasks 
 Compared to the language tasks, the motor task activations display a posterior 
dominance, illustrating a significant motor contribution of the posterior SMA. This is in 
agreement with the well-documented motor role of the posterior SMA proper (Tanji, 1996; 
Picard, 2003; Schwartze et al., 2012. The Finger Tap and Lip Purse tasks produced the 
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most robust SMA activation. Interestingly, the Finger Tap voxel cluster extended both 
more anterior and posterior to the Lip Purse task. We expected to see the facial muscle 
representation at the most anterior aspect of the motor SMA somatotopy due to previous 
findings (Fried et al., 1991). This may in part be due to the effort of following visual cues 
for the task, but more investigation would be required. The extent of the voxel cluster 
posteriorly to the activation of the Lip Purse task may reflect the more posterior hand 
representation. In the Left Hand Clench task, we observed a more lateralized response and 
a smaller SMA activation. This may be due to a high concordance of activity in the primary 
motor cortex and a low concordance of activity in the SMA within this cohort. The 
activation though does occur posterior to the Lip Purse and Finger Tap activity, perhaps 
more accurately corresponding to the posterior somatotopic representation as describe by 
Fried et al. 1991  
 
Methodological Limitations 
 Despite significant developments in the methodology and application of task-based 
fMRI since its inception, there remains systemic challenges and concerns that remain to be 
resolved. 
Arousal: For those performing the fMRI acquisition, it is a well-known challenge 
to mitigate diminished arousal levels during task-based fMRI, especially for patients with 
brain tumors. An inherent constraint on task-based fMRI is the necessity to follow the 
paradigm to get clear and accurate activations of the language and motor networks. 
However, if the patient is tired or non-compliant to the presented paradigm, the data 
acquisition will not be informative of the locations of these networks. It is thus the 
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responsibility of the data acquisition team to ensure the patient has a clear understanding 
of the tasks and is fully compliant to them throughout the duration of the scan.   
Neurovascular Uncoupling: In order to continue on their growth trajectory, 
glioma and other forms of brain tumor destabilize their local vascular architecture and 
induce neovascularization to increase their blood supply (Nico et al., 2009; Hardee and 
Zagzag, 2012; Huang et al., 2014; Zhu et al., 2017). This in turn can lead to hypoxic 
perilesional regions that have an increased vascular demand resulting in non-linear BOLD 
signal changes (Pillai and Zacà, 2012; Agarwal et al., 2016; Silva et al., 2017). Such a 
response is termed neurovascular uncoupling (NVU) and it presents a challenge in 
identifying eloquent cortex near or within glioma tissue as it compromises the BOLD signal 
and distorts fMRI results. Coupled with the anatomical distortion caused by tumor growth, 
the misrepresentation of the BOLD signal can mislead neurosurgeons and lead to 
postoperative deficits for the patient. There are methods to combat the effects of NVU, 
such as a breath-holding methodology that induces vasodilation in normal vasculature, but 
not in chronically vasodilated vessels (Raut et a., 2016, Agarwal et al., 2016; Silva et al., 
2017). NVU is representative of a host of hemodynamic susceptibility artifacts that can 
interfere with the accurate representation of cortical activation patterns. Due to the 
pathological nature of frontal tumor, caution should be implemented before accepting 
every activation cluster.  
Motion Artifacts: Head motion during the acquisition of an fMRI is a considerable 
challenge to overcome in the preprocessing and interpretation of functional data. If there is 
head motion between the acquisition of images during the fMRI sequence, there is the 
potential that it can profoundly confound the data set (Oakes et al., 2015). Head motion 
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can result in movement-related artifacts and displacement of the BOLD signal (Friston et 
al., 1996). An essential step in the preprocessing of fMRI data is motion correction in which 
data is realigned with a reference image within the set for the purpose of minimizing any 
distortions or false negatives incurred by motion artifact. However, one of the primary 
responsibilities in interpreting the functional data is to parse out the true neurobiological 
signals and the remaining motion artifact. Because of this sensitivity to motion, the 
language tasks utilized here are nonverbal. This is an inherent limitation in evaluating the 
full extent of the language network (Tharin and Golby, 2007).  
Thresholding: To make any meaningful inferences about fMRI data, a statistical 
threshold must be chosen at which the BOLD signal is determined to be adequately named 
as true neurobiological activity. The most common thresholding methodology requires two 
step approach to selecting statistically significant voxels (Woo et al., 2014; Gross and 
Binder, 2014). First, a fixed p-value is established at which each voxel is tested against. In 
this study, a p-value of p<0.001 was selected to act as a primary threshold for each voxel. 
After determining the voxel-wise statistic, the extent threshold is then chosen. The extent 
threshold establishes the clusters that are statistically significant by providing a threshold 
for the extent number of contiguous voxels that are above the fixed p-value. Here, the 
extent threshold was set to 0, thereby displaying all voxels that qualify for the primary 
threshold. Considering the arbitrary nature of this thresholding process, a large amount of 
freedom is left in the control of which voxels are named as reflecting true neural activity 
and those that are discarded as noise or artifact. The arbitrary nature of choosing a threshold 
at which activations are deemed significant presents a number of challenges when 
associating activity or function to a given voxel, especially in the presence of pathology in 
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addition to noise, NVU, motion, and attention issues which already pose significant 
challenges.  
 
 Clinical Significance 
 By illustrating the spatial distribution and activation foci of the language and motor 
task paradigms in the context of brain tumor, we demonstrate a coherence of patterns within 
a patient population to the established functional distributions in healthy subjects, namely 
an anterior dominance of language in the pre-SMA and a posterior dominance of motor 
function in the SMA proper. We observed statistically significant functional activity within 
the SMA despite pathological modifications to the local functional activity. This is in 
accordance with stimulation studies that report both language and motor deficit when the 
pre-SMA and SMA proper boundary is temporarily lesioned (Hiroshima et al., 2014). 
However, foci of activation reflected spatial differentiation enough to suggest a 
predominant contribution by one of the functional subdivisions. Our results substantiate 
our efforts to localize and parcellate the SMA within tumor patients through the use of 
task-based fMRI for preoperative neurosurgical planning. In addition, by understanding 
the activation patterns elicited through the tasks, we can inform our decision of the tasks 
to be assigned for a preoperative fMRI study to a patient case. By illustrating the features 
of SMA activity in the context of tumor pathology, we can better assess the operative risk 
of surgery in this area and adjust neurosurgical trajectories accordingly. For the patient, 
this can mean the difference between full functional capabilities postoperatively or 
experiencing a deficit such as seen in SMA syndrome.  
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 Looking forward, by applying these methodologies to examine the effects of tumor 
on the ipsilateral and contralateral SMA, we can further illuminate the activation patterns 
in the context of tumor pathology. Additionally, investigating the specific effects of tumor 
structure, growth pattern, and microenvironment on the SMA and its functional 
subdivisions can continue to improve patient outcome.  
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